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Abstract 
IBS and INES have recently demonstrated the strong relevance of the plasma-immersion ion implantation (PIII) 
technique to realise high efficiency silicon solar cells. The fabrication process, developed on 239 cm² p-type Cz-Si 
wafers, gives performances similar to those of classical ion beam implantation, with an efficiency improvement of 
0.7% absolute with respect to classical POCl3-based emitters. Repeatability and robustness of the developed process 
have been validated. We give some information describing the different steps to achieve the homogeneous n-emitters 
by pulsed-PIII and present characterisation results showing which cell parameters are better than that of standard 
cells. Both high throughput and low cost of the immersion-plasma equipment would seriously challenge technologies 
developed by other companies in the ion-implantation field devoted to the PV market. Investigations to realise BSF, 
advanced emitters or IBC cells by this technique are now included in the roadmap. 
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1. Introduction 
To realise high quality emitters on silicon substrates, the ion-implantation is a very promising 
technique, able to overcome the limits of the diffusion, as it allows a more precise control of the doping 
profile (surface concentration and junction depth) over all the cell area, without the presence of a strongly 
recombinant dead zone at the surface. High efficiencies, greater than 19%, have recently been obtained on 
156 mm c-Si (p) substrates with an ion-beam implanter dedicated to PV manufacturers [1]. However, the 
industrial integration of such a technology is rather slowed by high implementation and running costs, in 
spite of satisfactory throughputs.  
 
By contrast, PIII technique can present the advantages of the classical ion-beam implantation but with 
potentially better throughputs and costs of ownership. Unlike beam-line implantation, plasma doping 
process time is not dependent on the implanted surface and presents the possibility of a conformal doping, 
which is of particular interest for advanced textured surfaces and cell architectures. As it corresponds to a 
non-mass analysed implantation, undesired species may be implanted, which requires to work with 
carefully cleaned surfaces (using a RCA clean process, for instance). Nevertheless, for several years now, 
IBS has proved that its PULSION® tool is able to cope with the extremely low levels of metal 
contamination required by advanced microelectronics and photovoltaic industries [2].  
 
Doping engineering by plasma implantation for silicon cells constitutes thus an ever-increasing subject 
of interest [3], with now the existence of first high productivity implanters able to meet PV specifications 
[4, 5]. Efficiencies of 19.5% and more, on small area n-type wafers processed by glow-discharge 
implantation, have already been published a long time ago [6]. Here, we announce up to 19.3% on large 
area p-type substrates with a non-optimised, low-cost industrial process flow.  
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Fig. 1. (a) Diffusion and plasma-immersion based process flows for p-type c-Si wafers (homogeneous emitters); (b) Picture of a 
PULSION® equipment comprising two process chambers, with a functional diagram describing a double-zone plasma chamber. 
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2. Experimental approach 
To evaluate the performance of our PIII technique, we carried out a comparative study confronting 
diffused-emitter cells and implanted ones. The solar components were realised on the semi-industrial 
INES platform with 180 μm thick, 156 mm mono-crystalline silicon Cz wafers of good quality and 
presenting a resistivity between 1 and 3 Ohm.cm. The process flows used are relatively basic and did not 
require particularly elaborated steps, as shown on Fig. 1(a). There is one step less in the PIII process flow 
compared to the standard one. Steps which are rigorously common to both processes (texturisation / 
cleaning, screen-printing) were realised at the same time for all the substrates of the batch.  
 
In the PIII case, junction was created with plasma generated from phosphine (PH3) gas, at moderate 
acceleration energies, on a PULSION® equipment designed at the French company IBS (see Fig. 1(b)). 
The machine comprises a specific dual-region chamber which allows low gas-consumption and avoids 
metal contaminations. A pulsed plasma is created within an inductively coupled source. In the treatment 
chamber, the wafer is placed on a large-area holder (which rotates to optimise homogeneity). A high 
voltage is applied to the wafer/holder to generate a space-charge zone and then implant the surrounding 
ions. We checked that the transport of the textured substrates between INES and IBS for the implantation, 
without additional cleaning, did not significantly impact the effective lifetime of photo-carriers.  
 
) of some n-emitters realised by diffusion and plasma immersion. 
Table 1. Some electrical characterisations of double-side implanted wafers for different implantation doses and activation annealing 
temperatures T1<T2<T3. Implied Voc and Joe were measured by Quasi Steady State Photo-Conductance Decay after firing. 
 
 
 
The following annealing step aims to heal possible surface damage, and to activate and drive-in the 
implanted phosphorous atoms to get an adequate profile (P dose is chosen between 5E14 and 1E16 /cm²). 
As it is often done for implanted-emitter-based cells, a thin silicon oxide layer is grown during the 
 Annealing 
Temp. 
Rsh 
[ /sq] 
Rsh uniformity 
[%] 
Implied Voc 
[mV] 
Joe 
[fA/cm²] 
Diffusion (POCl3) - 67.5 3.7 632 330 
PIII - Low Dose (LD) T1 88 3.4 652 115 
T2 73 4.7 651 122 
T3 66 4.4 652 112 
PIII - High Dose 
(HD~2xLD) 
T2 35.5 0.8 634 396 
T3 30 0.7 633 391 
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thermal activation step for a better surface passivation. It is also to be noted that hydrogen contained in 
the various implanted ions from the plasma (PH+, PH2+
surface passivation [4]. As the oxide layer thickness increases with increasing phosphorus dose (for given 
annealing conditions), the capping SiN layer thickness has to be adjusted accordingly for the front 
dielectric stack to have good anti-reflection properties. Metallic contacts were finally realised with a 
single print on each side of the wafer by using a judicious Ag or Al paste. 
 
Before realising complete cells, preliminary tests were realised by implanting wafers on both sides 
with different P doses (said high and low doses). Three annealing temperatures (T1<T2<T3) were studied 
to get different emitter profiles and to scan resulting electrical parameters like the sheet resistance (Rsh), 
the implied open-circuit voltage (Voc) and the saturation current (Joe) of each junction. Before 
measurement, these wafers were passivated with silicon nitride and fired. Table 1 resumes the 
corresponding experimental matrix. 
 
We observe that the sheet resistance of PIII-based emitters shows a better uniformity for the high dose. 
The low dose case shows uniformity factors close to that of standard diffused emitters (~3-4%). Figure 2 
displays some maps of Rsh for comparison. A low (or light) dose, leading to a thinner and less 
recombinating emitter, gives greater Voc and Joe (see Table 1). As the annealing temperature increases, 
the junction depth increases and Rsh decreases due to a better carrier mobility, but a better metal 
contacting (i.e. better Fill Factor) is expected either with the high dose, either with the low dose 
preferentially at T1 since the emitter profile is then much concentrated near the surface. A trade-off 
between voltage and fill factor is thus expected in the fabrication process depending on the implantation 
dose.  
3. Results and discussions 
Standard (diffusion-based) cells, high-dose implanted and low-dose implanted components were 
realised taking into account the preliminary tests described in previous section. The averaged electrical 
results, stemming from an illuminated I-V (AM1.5) measurement, are compiled in Table 2. Compared to 
POCl3 emitters, PIII technology shows an efficiency improvement of 0.2 to 0.7% absolute (without edge 
isolation for the PIII process) depending on the dose applied, with a restricted dispersion (standard 
deviation around +/- 0.05% for the high dose, and less than +/-0.15% for the other cases). Because of 
their light and shallow emitters, low-dose implanted wafers give the best efficiencies, with a record of 
19.3%. Representative I-V curves are displayed in Fig. 3(a). 
Table 2. Comparison of cell performances (mean values over at least ten wafers for each case) obtained with the reference POCl3-
diffusion process and with the plasma-immersion process respectively (both applied on identical 239 cm² Cz silicon wafers). 
 Standard PIII (HD) PIII (LD) 
Jsc [mA/cm²] 36.6 36.4 37.9 
Voc [mV] 629.1 634.5 643.4 
FF [%] 80.3 80.9 78.6 
Eff [%] +/-0.1% 18.47 18.68 19.17 
pFF [%] 82.7 82.5 82.3 
 
      The parametric trends are different for each plasma implantation dose. The efficiency gain is 
explained by an improved Voc (the latter being much greater with the low dose), but is also due to a 
better fill factor for the high-dose case (notably, the contact resistivity is much better than that of the 
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diffused emitters) while the FF should be perfectible for the low dose (by adjusting even more the 
annealing conditions). In the high-dose case, the short-circuit current Jsc is a bit reduced compared to that 
of POCl3-cells, which indicates that Auger recombination ought to be reduced in future developments. 
For the low dose, Jsc is high, which is correlated to an improved blue light response.  
 
We also observed that the process window appeared rather large for the high dose when varying many 
parameters (notably activation temperature and firing). This robustness is of particular interest for 
industrial applications. Repeatability of the process has been validated with a new batch. 
  
 
Fig. 3. (a) Representative I-V curves of the low-dose PIII-based cell and that of the reference diffusion-based cell, presenting the 
typical difference of 0.7% absolute efficiency (b) Map of the diffusion length (scale in microns) of the best 19.3% PIII-cell (low 
implantation dose case). 
Finally, Fig. 3(b) shows the map of the diffusion length obtained from light-beam-induced-current 
measurements for a record PIII-based cell. The average diffusion length is 700 μm over all the cell area 
(239 cm²). Good uniformity of the component is clearly observed. Also, LBIC maps at the wavelength 
406 nm give an average current of 108 μA for the standard cell, and 117 μA for the low-dose PIII cell, 
with a similar reflectivity (~10%), showing then a better blue light response for the implantation case. 
This is confirmed on spectra of the normalised internal quantum efficiency (not shown) where IQE 
reaches 94.3% for the low-dose case, 84.5% for the high-dose one, and 87.3% for POCl3 at 400 nm. 
 
4. Conclusions 
We have presented encouraging results on the application of plasma-immersion implantation in the 
fabrication process of large area silicon solar cells. An efficiency improvement of 0.7% absolute over 
standard diffused emitters is observed. PULSION® tool has the potential to give cell performances similar 
to those of beam-line implanters, which may re-orientate the efforts to exploit the implantation techniques 
on industrial PV platforms. To our knowledge, the mean efficiency of nearly 19.2% and the robustness of 
the simple developed process is one of the most significant results presently published about PIII applied 
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to p-type large area c-Si substrates. Optimisations are in progress to improve even more the efficiency of 
cells with homogeneous emitters 
.  
The next challenges will be to optimise the PULSION® equipment to fit with the future requirements 
of the PV industry in terms of productivity, either for phosphorus or boron doping. Plasma immersion 
implanters could thus rapidly surpass classical beam line implanters by providing a cheaper and less gas 
consuming technology with a higher manufacturing throughput. 
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